Flip-chip bonding has several advantages, such as high precision, high density, short interconnections, and small parasitic elements. However, creating reliable interconnections between chips and substrates is the key issue in flip-chip bonding.
Introduction
The development of packaging technologies such as system-in-a-package (SiP) has greatly contributed to making electronic devices smaller and more multifunctional.
Smaller, high-density packages require micro-interconnections between the die and substrate. Wire bonding and flip-chip bonding are the main techniques used to make these interconnections. Flip-chip bonding is a process in which bumps are fabricated on a die and interconnected to the package substrate, with the active die face down. Flipchip bonding has many advantages, such as high precision, high density, short interconnections, and small parasitic elements. However, the reliability of the interconnections is crucial for flip-chip bonding. [1] Low-k materials are used for insulating layers for large-scale integration, in order to reduce the signal delay; however, because low-k materials are mechanically fragile, the bonding force must be reduced. Ultrasonic vibration is commonly applied to the bonding head to decrease the force.
It has been reported that the structure and power of the ultrasonic vibration horn affects the bonding state. [2] However, failure analysis of flip-chip bonding is not easy, because it is difficult to observe the connected area under the face-down condition. Arai et al. [3] have reported on a method to evaluate the bonding status using a die-pull tester, which can be used to evaluate whether the bonding conditions are suitable for the production environment. [4] It is known that the directions of the leads on the substrate also affect the bonding state, [5] i.e., the bonding behavior of longitudinal and lateral leads is different under the horizontal vibration condition.
In this paper, the bonding states are investigated using test element group (TEG) dies with gold stud-bumps.
Ultrasonic bonding is applied to substrates with longitudinal and lateral leads, and the die-pull mode is investigated systematically. The die is physically removed from the substrate, and the failure mode is analyzed. The bonding behavior with a vibrational head rotated by 45 degrees with respect to the die configuration is compared with that of a conventional head, and the process margin of flip-chip bonding for both heads is discussed along with the failure modes.
Experimental Procedure
The conventional flip-chip bonding equipment has a fixed vibration direction with respect to the die configuration, as shown in Fig. 1(a) . The flip-chip bonder we developed has an ultrasonic vibration head that can be rotated in advance and operated with constant weight and frequency, as shown in Fig. 1(b) . The reflow test was performed at 260°C, three times.
The direct-current resistance of a daisy-chain connection between a die and a substrate was measured, and any sample which increased in resistance by more than 20% after a reflow test was classified as not good (NG).
The die-pull test was performed using the mode counting system. [3] The die was physically removed from the substrate in the vertical direction. The pull speed was 1 mm/s, and the maximum force was 300 N. Then the pulloff images were observed, and classified into four modes.
The different failure modes are shown schematically in 
Results and Discussion
The typical failures observed after the reflow tests are shown in Fig. 4 . From the resistance measurements, an individual connection was determined as "NG", and then cross-sectioning was performed. The cracks usually occurred between the die pad and bump, and between the bump and lead. In order to obtain the distribution of bondfailure modes on a wafer, the die-pull test was performed with conventional flip-chip equipment. We consider that the ultrasonic vibration first induces a low bonding force; the bonding strength then reaches its maximum value, followed by fracture, as the vibration continues. On the other hand, excess bonding energy causes cracks when the bonding time is too long. For the lateral leads, the ultrasonic energy can be absorbed more easily than for the longitudinal leads. Therefore, the bonding states obtained for the longitudinal and lateral leads can be explained as shown in Fig. 7 . The bonding energy, which is the product of vibration power and bonding time, is different between the longitudinal and the lateral leads, which can cause a time-lag in forming firm bonds, resulting in a reduced process margin for effective ultrasonic bonding.
To change the bonding energy applied by the ultrasonic vibration, the bonding head was rotated with respect to the die configuration. Figure 8 shows the results for die-pull tests and Fig. 9 shows the bump shear strength distribution for a head rotated 45 degrees. The mean value and We are still doing research on other factors such as flip chip bonding temperature, and gold stud bump shape and will publish the results in a next paper.
Conclusion
Ultrasonic flip-chip bonding of TEG dies with gold studbumps was applied to substrates with longitudinal and lateral leads, and the die-pull mode was investigated system- 
